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Cerebral dysfunction after coronary artery bypass operations represents some of the most serious and 
costly complications of cardiac surgery. We used transcranial Doppler ultrasonography to detect and 
quantify the number of microemboli in the right middle cerebral artery of patients undergoing elective 
first coronary bypass operations (n = 117) and second coronary bypass operations (n = 10). We 
hypothesized that total microemboli were related to clinical outcome. A 2 MHz transducer was positioned 
in front of the ear above the zygomatic arch and depth gated to 50 mm. Microemboli were recorded as 
perturbations ofthe blood flow velocity in the middle cerebral artery and aurally monitored. Each episode 
of microembolism was specified both by clock time and as a perfusion or surgical event. Forty-one 
patients (32%) completed neuropsychologic evaluation with a battery of tests for cognitive function. 
Anxiety states and traits were also assessed. The distribution of microembolism showed that there were 
three groups of patients: <30 microemboli (n = 83); 30 to 59 (n = 24); and >60 (n = 20). Seven of 10 
patients with cerebral complications (stroke, coma, delirium, aberrant behavior) were in the >60 
microemboli group. Those with cerebral complications had 20.7 - 4.5 microemboli from perfusion and 
57.4 -4-_ 15.6 from surgical events. The 13 patients in the > 60 microemboli group without central nervous 
system symptoms had 95.5 - 19.5 microemboli from perfusion and 36.0 - 6.9 from surgical events. 
Neuropsychologic s ores were most often depressed for memory (73%), comprehension (49%), attention 
(46%), and constructional bility (44%). The greatest change was in total score in the >60 microemboli 
group (-3.3 _ 0.6) compared with -1.1 _ 0.2 and -1.9 _ 0.2 for the 30 to 59 and <30 groups, 
respectively. The incidences of cardiac and pulmonary complications and mortality were different 
between those patients with <60 microemboli versus those with >60 microemboli. Cardiac and 
pulmonary complications and mortality percentages were 4.7%, 3.7%, and 0.9%, respectively, for the <60 
microemboli group and 20%, 20%, and 15%, respectively, for the >60 microemboli group. We concluded 
that transcranial Doppler ultrasonography is a useful technique to quantify and detect he source of 
microemboli during coronary artery bypass operations and may be useful in assessing new operative 
strategies, the quality of the perfusion, and potentially as an indicator for pharmacologic therapy in the 
operating room in patients with high microemboli counts. (J THORAC CARDIOVASC SURG 1995;109:249-58) 
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Cerebra l  dysfunction after cardiac operations in 
which cardiopulmonary b pass (CPB) is used is one 
of the most serious and costly complications. In the 
early years of CPB, this problem was largely attrib- 
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uted to use of the pump-oxygenator itself. During 
the past three decades, however, advanced knowl- 
edge and improvements in operative and perfusion 
techniques have resulted in a marked decrease in 
cerebral complications to current low levels in the 
range of 1% to 4% for all types of cardiac surgery in 
adult patients) 
These technologic advances have also made it 
increasingly possible over the past decade for older 
patients (>70 years) to undergo coronary artery 
bypass (CABG) operations with low morbidity. The 
downside of this trend is that the atherosclerotic 
disease process in these older patients is farther 
advanced, which has caused an increase in the 
prevalence of cerebral dysfunction in the elderly. 
This increase, coupled with the devastating patient 
and family consequences of stroke and encephalop- 
athy and the subsequent costs of care, has initiated 
a series of studies to prevent or decrease the risk of 
this major complication. Wareing, 2Barzilai, 3 Ware- 
ing, 4 Barzilai, 5 Marshall, 6 and their associates have 
published postmortem, echocardiographic, and op- 
erative data in several papers showing that careful 
assessment of preoperative and intraoperative find- 
ings can enable the surgeon to tailor surgical tech- 
niques for a particular patient requiring CABG in 
such a way as to minimize permanent or transient 
postoperative cerebral dysfunction. 
Three years ago, we began to use color-encoded 
transcranial Doppler ultrasonography to assess the 
presence of microemboli (ME) encountered during 
CABG procedures. After an initial demonstration i  
which ME were detected more frequently than 
expected, we designed a prospective clinical study in 
which preoperative and postoperative neuropsycho- 
logic testing was performed along with the transcra- 
nial Doppler monitoring. Transcranial Doppler ul- 
trasonography was used to continuously record the 
velocity of blood flow in the right middle cerebral 
artery from the onset of the induction of general 
anesthesia until the patient left the operating room. 
We hypothesized that ME generation was a function 
of both the CPB equipment and the operation and that 
patient outcomes were related to total ME counts. 
Materials and methods 
Patient population. A total of 127 patients (111 men, 
16 women, mean age 56.4 - 0.9 years), who were sched- 
uled at least 24 hours in advance of their CABG opera- 
tion, were entered into this study. Ten of these patients 
were having reoperations. Men were predominant be- 
cause of the difficulty in sonicating the middle cerebral 
artery in women older than 50 years of age. Cortical 
thickness of the pre-aural sphenoidal-temporal area in- 
creases in women as they age, whereas in men the bone 
thickness remains thin. 
Patients had to be at least 18 years of age and free of 
known carotid or atheromatous disease as determined on 
physical examination. Patients were excluded if they had a 
history of head trauma, seizures, stroke, other serious 
neurologic disease, or were unable to be scored as alert on 
the preoperative Neurobehaviorial Cognitive Status Ex- 
amination. Additionally, no patients requiring emergency 
or urgent reatment were accepted because there would 
be insufficient ime to administer the neuropsychologic 
testing, and no patients undergoing valve repair were 
entered into the study. Each patient who qualified for the 
study signed an informed consent document that had been 
approved by our institutional review board. 
Transcranial Doppler technique. Before the baseline 
neuropsychologic test was given, our neurovascular nurse 
specialist evaluated each patient for hyperostosis frontalis 
internia of the temporal bone above the zygomatic arch. 
The middle cerebral artery was identified at a range-gated 
depth of 45 mm and the skin surface was marked with a 
surgical highlighter for ease of intraoperative probe 
mount placement. 
A Nicolet (formerly EME) TC 2000 transcranial Dopp- 
ler unit (Nicolet Instruments, Madison, Wis.) with a 2 
MHz intraoperative probe attachment was used during 
the operation to continuously measure the patient's mid- 
dle cerebral artery blood flow velocities. The transducer 
was held in place by a head band, positioned in front of 
the right ear above the zygomatic arch, and angled until a 
clear velocity, color-encoded signal was viewed with the 
depth set at 50 mm. All emboli, whether solid or gaseous, 
demonstrate a high audible frequency response (>40 dB) 
with a harmonic quality similar to a chirping or whistling 
sound. An ME is shown on the color-encoded spectral 
display of middle cerebral artery velocity as an instant 
bright-red, high-velocity signal. These data were continu- 
ously stored by the computer for later review. 
After the procedure, the data were reviewed and hard 
copy color recordings were made with a Hewlett-Packard 
color jet printer (Hewlett-Packard Co., Palo Alto, Calif.). 
Recording intervals were specifically related to the events 
of the procedure: before cannulation, aortotomy, inser- 
tion of aortic cannula, insertion of a vent line before CPB, 
onset of partial CPB, insertion of the cardioplegia ortic 
needle, insertion of the coronary sinus cardioplegia can- 
nula, aortic crossclamping, changes in CPB flow during 
the grafting maneuvers, rewarming, removal of aortic 
crossclamp, artial crossclamp on and off, defibrillation, 
removal of cardioplegic needles and cannula, lifting of the 
heart to inspect posterior anastomosis, removal of the 
vent, aortic and atrial cannulas, arrhythmias, and other 
nonroutine maneuvers or events. 
Neuropsychologic testing. Forty-one patients (32%) 
completed neuropsychologic evaluation. Approximately 
one half of the study patients had transcranial Doppler 
ultrasonography during CABG without neuropsychologic 
testing because no psychometrist was available in the late 
afternoon or early morning hours before the patient's 
operation. Our high-volume, cardiac surgery, managed- 
care system for patients having elective CABG has man- 
The Journal of Thoracic and 
Cardiovascular Surgery 
Volume 109, Number 2 
Clark et al. 2 5 1 
dated minimal preoperative intervals. Additional patients 
were lost to follow-up who refused a first or second 
examination, had a stroke, or died. Standardized neuro- 
psychologic tests* were selected to assess cognitive func- 
tion by means of a battery of examinations for orientation, 
attention, language comprehension, repetition and nam- 
ing, constructional bility, memory, calculations, reason- 
ing similarities and judgment, and anxiety. These same 
methods have been used in this institution for many 
clinical studies. 
After informed consent was obtained, the same skilled, 
experienced psychometrist administered the neuropsycho- 
logic tests to all patients between 2 and 12 hours before 
the operation and again 5 to 10 days thereafter. Testing 
was administered in three sections, which together lasted 
approximately 1 hour. The immediate postoperative inter- 
val was chosen because most reported studies show a 
return to preoperative status 6 weeks to 6 months after 
operation. The purpose was to discover if the expected 
decrement in cognitive function was greater than expected 
in those with high ME counts. 
The patient was always seated on his or her hospital 
bed, with a movable table positioned in front of him or her 
for the testing. The curtains were drawn for privacy and to 
prevent external interaction during the session. Room and 
individual reading lights were kept consistent among all 
subjects. Testing commenced only after a clear verbal 
indication that all instructions were understood. Timed 
sections were signaled with "Begin" after the patient was 
manually positioned for the task. 
Both individual test scores and total scores were used 
for correlation to total ME counts, and paired compari- 
sons were used for change in cognitive function as a 
consequence of a major surgical experience. 
Anesthetic and eardiopulmonary management. All pa- 
tients had general anesthesia induced by fentanyl and 
midazolam. Neuromuscular blockade was achieved with 
vecuronium or pancuronium. Anesthesia was maintained 
with fentanyl, midazolam, and isoflurane until the patient 
was transferred to the intensive care unit, at which time 
100% oxygen was used as the insuiflation agent. 
Throughout the course of all operations the alpha-stat 
method of acid-base balance was used. The perfusion 
circuit consisted of a Bentley custom pack containing a
BCR-3500 cardiotomy reservoir with filter (Bentley Lab- 
oratories Division, Irvine, Calif.), a Bio-Medicus blood 
pump model BP-80 (Medtronic Bio-Medicus, Eden Prai- 
rie, Minn.), a Bentley Univox membrane oxygenator, and 
a Pall Stat Prime 40/zm blood arterial ine filter (SP 3840; 
Pall Biomedical Products Corp., East Hills, N.J.). An 
RF-10 recirculation filter (Bentley Laboratories Division, 
Irvine, Calif.) was used before the onset of perfusion for 
the crystalloid prime. Total bypass and aortic crossclamp 
times were 80 - 5 and 42 _+ 2 minutes, respectively. Mild 
hypothermia was used (26 ° to 28 ° C) until the distal 
anastomoses were completed, at which time temperature 
was gradually increased at the average rate of 0.5 ° to 
*Neurobehaviorial Cognitive Status Examination. The Northern 
California Neurobehavioral Group, Inc., 1988. State-Trait 
Anxiety Inventory. Spieleberger Consulting Psychologists, 
Inc. 1992. 
0.7 ° C/min. Flow rates were maintained at 2.0 to 2.2 L/min 
per square meter, and the minimal mean perfusion pres- 
sure was 60 mm Hg. 
Postoperative clinical status. Each patient was ob- 
served after the operation for arousal threshold, orienta- 
tion, behavioral appropriateness, and motor functioning. 
Any patient demonstrating a neurologic deficit or behav- 
ioral abnormality was examined by the study neurologist. 
Patients in whom stroke was a primary diagnosis received 
computed tomographic s ans as soon as the hemodynamic 
status permitted transportation to the radiology depart- 
ment. 
Cardiac complications were defined as hypotension 
with decreased cardiac output necessitating inotropic 
agents, intraaortic balloon pumping, or extracorporeal 
membrane oxygenation, and atrial or ventricular arrhyth- 
mias, or both. Pulmonary complications were defined as 
ventilator dependence, inability to maintain ormal blood 
gases in the absence of low cardiac output, decreased 
work of breathing manifested by inability to wean, trache- 
ostomy requirement, pneumothorax, or severe bronchitis. 
Statistical analyses. The strength of the association 
between total ME and postoperative outcome (encepha- 
lopathy, stroke, and cardiopulmonary complications) was 
assessed by 9( 2 analysis. Changes in variables measured 
during the various stages of CPB were evaluated by 
repeated-measures analysis of variance. Differences be- 
tween preoperative and postoperative neuropsychologic 
test scores were assessed by either the paired t test or the 
nonparametric sign test. The correlation coefficient was 
used to quantify the relationship between change in 
neuropsychologic test scores and total ME. 
All continuous variables are expressed as mean values 
_+ standard error of the mean. Categoric variables are 
expressed as rates. All p values are two-tailed. Ap  value 
---0.05 was considered to indicate statistical significance. 
Statistical analysis was performed with the Statistical 
Package for the Social Sciences software (SPSS/PC+, 
Chicago, ILL). 
Results 
Total ME per patient were plotted by deciles 
versus the number of patients (Fig. 1). This skewed 
distribution pattern clearly demonstrated three ge- 
neric populations: those with <30 ME, those with 30 
to 59 ME, and those >60 ME. We then determined 
the relationship of  total ME counts to incidence of 
central nervous system (CNS) symptoms. Of the 
>60 ME group (mean 118 _+ 11.9), 35% (7/20) had 
symptoms. In contrast, only 4.2% (1/24) and 2.4% 
(2/83) of  patients in the 30 to 59 ME and <30 ME 
groups, respectively, had symptoms. In all, 10 of the 
127 patients (7.9%) had symptoms. When grouped 
by type of CNS abnomality, all abnomality types had 
>70 ME per category (Fig. 2). These data clearly 
demonstrate a relationship between total ME count 
and clinical outcome that was nonlinear and more of 
a threshold type. 
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Fig. 2. The number of ME (ordinate axis) for each of the 
three major CNS symptom categories. 
The second aim of the study was to determine 
what proportion of ME came from the CPB system 
and what proportion was associated with surgical 
events necessitated by the operation. First, a check 
on the effect of the study on ME per patient was 
performed to determine if a "policeman" or "watch- 
dog" effect was present. The data were evenly 
distributed over time. The mean number of ME was 
then determined for three intervals: (1) immediately 
on CPB, (2) during the aortic crossclamp interval, 
and (3) after all crossclamps were removed and in 
the absence of surgical maneuvers. Both the CPB 
system and the perfusion techniques used yielded 
relatively constant mean values for the three inter- 
vals of 6.4 _+ 7.6, 6.3 _+ 1.3, and 5.2 _+ 1.6 (immedi- 
ately on CPB, during crossclamping, and after cross- 
clamp removal, respectively). 
Similarly, 15 surgical maneuvers were related to 
the mean numbers of ME for all patients for each of 
those intervals (Fig. 3). Three surgical events were 
prominent: cannulation (mean value 2.9 _ 0.3); 
partial crossclamp off (mean value 3.3 _+ 0.6); and 
cardiac manipulations (mean value 4.9 _+ 1.5). The 
last event was associated with lifting the heart to 
visualize the posterior anastomoses. When the CPB 
and surgical events were combined for all patients, 
each contributed approximately 50% of the total 
ME. The mean total per patient was 35.9 +_ 3.7 
(median 22.0; range 0 to 251; standard deviation 
41.2). Variances in blood flow velocity and blood 
pressure were analyzed for the study interval and 
were small. Mean flow velocity in the right middle 
cerebral artery ranged from 29 to 50 cm/sec, which 
was entirely within the normal range, as was mean 
arterial blood pressure (66 to 87 mm Hg). 
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The source of ME was analyzed with respect o 
those patients who had CNS symptoms and those 
who did not. The results are shown in Table I. The 
10 patients with symptoms had 2.75-fold greater 
surgical ME than perfusion ME. When the three 
patients with <60 ME were removed from this 
group that had symptoms, a threefold difference 
between surgical and peffusion ME remained. Com- 
parison of the symptomatic patients to the asymp- 
tomatic ones in the >60 ME category demonstrated 
an unexpected and striking finding, namely, that the 
surgical/perfusion source ratios were reversed. The 
symptom-free patients had 2.6-fold more perfusion 
ME than surgical ME. There were no differences in 
mean age in the two groups to account for this 
difference. The implications of these data are dis- 
cussed later. 
Two other observations were made during this 
study with respect o perfusion. The first was the 
effect of using a fluid-filled arterial cannula versus 
an air-filled one (Research Medical Inc., Midvale, 
Utah). The ME data showed a reduction from 4.0 + 
Table I. Source of ME in patients with and without 
symptoms 
Per fusion Surgical 
Patients with symptoms 20.7 +_ 4.5 
(n = 10) 
Patients with symptoms, 24.7 _+ 5.5 
ME >60 (n = 7, mean 
age 59.2 years) 
Patients without syrup- 95.5 - 19.5 
toms, ME >60 (n = 13, 
mean age 58.6 years) 
57.4 - 15.6 
75.4 +_ 18.2 
36.0 + 6.9 
0.4 (n = 72) with the former to 1.5 + 0.5 (n = 49) 
with the latter. The second finding was a low- 
incidence vent that had significant outcome impli- 
cations. This event was the apparent loss of cerebro- 
vascular esistance at the onset of CPB with marked 
hyperperfusion (defined as >50% postinduction 
mean velocity) that lasted 14, 26, 48, 60, and 120 
seconds in five patients. Only one patient had no 
CNS sequelae. Three had behavioral disorders in 
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Table II. Neurobehavioral cognitive status examination: Initial versus follow-up test results 
Initial Follow-up p Value Corr. p Value 
Orientation 11.78 -+ 0.57 11.56 _+ 0.74 0.071 0.357 0.022* 
Attention 7.63 _+ 0.54 7.24 _+ 0.70 *0.003 0.177 0.268 
Language 
Comprehension 5.32 -4- 0.72 4.93 + 0.88 "0.014 0.274 0.083 
Repetition 11.71 -+ 0.72 11.22 _+ 1.11 *0.009 0.272 0.085 
Naming 7.66 _+ 0.53 7.71 _+ 0.51 0.160 0.913 <0.0005* 
Constructional bility 5.27 _+ 0.89 5.02 _+ 1.10 0.115 0.520 <0.0005* 
Memory 9.98 - 1.93 9.63 + 1.85 0.28 0.452 0.003* 
Calculations 3.68 - 0.57 3.73 -+ 0.55 0.42 0.764 <0.0005* 
Reasoning 
Similarities 6.71 _+ 1.03 6.76 _+ 1.18 0.70 0.742 <0.0005* 
Judgment 5.80 _+ 0.46 5.61 _+ 0.59 *0.003 0.731 <0.0005* 
*Statistically significant (p -< 0.05). 
Table IlL Complications and mortality 
ME <60 ME >-60 
No. % No. % p Value 
Cardiac 
No 102 95.3 16 80 0.01" 
Yes 5 4.7 4 20 
Pulmonary 
No 103 96.3 16 80 0.006* 
Yes 4 3.7 4 20 
Mortality 
No 106 99.1 17 85 0.0009* 
Yes 1 .9 3 15 
*Statistically significant (p -< 0.05). 
the intensive care unit, and one had coma and stroke 
and died. This patient also had 62 ME during the 
operation. 
The last aim of this study was to determine if
neuropsychologic testing would reveal subtle cogni- 
tive deficits as a consequence of the ME generated 
during the CABG operation. Eight standardized 
tests measured specific abilities, and two trail-mak- 
ing tests, generally thought to be the most sensitive, 
measured general brain function. Two question- 
naires measured anxiety state and traits to assist in 
the interpretation of any changes in the cognitive 
function tests. 
Comparison of the preoperative total scores 
(75.5 -+ 0.5) to postoperative total scores (73.4 _+ 
0.6) showed no statistical change. Comparisons of 
each individual test showed that four tests were 
decreased in the postoperative intervals, with the 
following incidences: memory 73%, comprehension 
49%, attention 46%, and constructional ability 44% 
(Table II). Net change per patient was determined 
for the three ME groups: >60 (n = 7) A = -3.3 -+ 
0.6; for those with <60 ME, the net changes in total 
scores were -1.1 _+ 0.2 and -1.9 _+ 0.2 for the 30 to 
59 ME and the <30 ME groups, respectively. The 
decrement in the >60 ME groups was strongly 
influenced by one symptomatic patient who had a 
change of -8. Even with this patient removed, the 
>60 ME group still had a mean decrement of2.6 _+ 
0.6. 
Complications affecting the heart and lungs were 
analyzed by ME count independently of the CNS 
outcomes. These data are shown in Table III. There 
was a statistically significant difference for the two 
ME-count groups, with those with <60 ME having a 
low complication rate and mortality. There were 
four deaths (3.1%). Two were CNS-related (coma 
and stroke), including one patient who had the 
hyperperfusion phenomenon at the onset of CPB 
and abnormalities on the computed tomographic 
scan. A third patient had low cardiac output unre- 
sponsive to intraaortic balloon pumping and high- 
dose inotropic agents, and extracorporeal mem- 
brane oxygenation was used for ventricular assist. 
He awoke promptly but died on the tenth postop- 
erative day having been successfully weaned from 
extracorporeal membrane oxygenation. The last pa- 
tient was awaiting discharge and had sudden chest 
pain, cardiogenic shock, and died on the ninth day 
after the operation. 
Discussion 
Transcranial Doppler ultrasonography as been 
used for more than a decade to measure ME in the 
cerebral circulation of patients having CPB. Paday- 
achee and colleagues 7 studied 27 patients with 2 
MHz Doppler ultrasonography. Ten patients dem- 
onstrated no ME while supported by a membrane 
oxygenator whereas all 17 patients with a bubble 
oxygenator had ME, whose origin was directly re- 
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lated to gas flow. ME were also detected in 22 of 
these 27 patients during insertion of the aortic 
cannula. Pugsley s in 1989 used transcranial Doppler 
technology to determine the benefit of arterial ine 
filtration with a bubble oxygenator on total ME re- 
corded in the middle cerebral artery of 20 patients. 
van der Linden and Casimir-Ahn 9 in 1991 pub- 
lished a small study of 10 patients having aortic or 
mitral valve replacement in which ME were de- 
tected during the insertion of the aortic cannula, at 
the initiation of CBP, after crossclamp removal, and 
during heart filling. The highest counts (>70 ME/ 
rain) occurred during the last interval and were 
shown to be the consequence of inadequate deairing 
procedures. 
High-intensity transient signals were first ob- 
served during transcranial Doppler ultrasonography 
during carotid endarterectomy in 1986. l° Thrombus, 
platelet aggregates, atheromatous material, and fat 
particles (0.5 to 5.0 mm maximum dimension) were 
all detected by transcranial Doppler techniques in in 
vitro extracorporeal experiments, which demon- 
strated a relation between embolus size and the 
maximum amplitude of the Doppler signal. 11' 12 
Although such relationships were obtained in highly 
controlled bench studies, no in vivo data exist that 
permit size determination or composition of any 
specific particle detected by transcranial Doppler 
techniques. Further, the specificity and sensitivity 
for emboli of various origins have not been deter- 
mined. 
The data in the present study confirm and extend 
the findings of previous authors, showing that strat- 
egies based on postmortem anatomic studies, epi- 
cardial echocardiography, and empiric clinical expe- 
rience have relevance with respect o decreasing 
total ME during CABG. 
Outcome effects are frequently difficult to deter- 
mine for low-frequency events in typical surgical 
series because of relatively small numbers of pa- 
tients. When stroke was combined with coma and 
inappropriate behavior, the sum of these frequen- 
cies was related to total ME in our series. Those 
patients (n = 10) having >60 ME (7.9% of the study 
population) had 70% of the cerebral dysfunction 
incidence. There was no effect of age because this 
variable was not related to ME counts, any CNS 
symptom, or stroke. 
One of the major hypotheses tested in our study 
was that the perfusion circuit and the conduct of 
CPB were a major source of ME during CABG. This 
hypothesis was correct with respect o the overall 
analyses. However, for those patients with symp- 
toms after CABG, ME from surgical events were 
much greater than those caused by perfusion.' 
Hyperperfusion at the onset of CPB occurred 
with few ME during the event and appears to carry 
a significant prognosis, with four of five patients 
having CNS symptoms. The perfusion and anesthe- 
sia records for these patients were thoroughly re- 
viewed. Arterial blood gases and pH were normal as 
were all other measured variables. No differences 
were found among these five patients and the other 
122 patients except for hyperperfusion. Two causes 
have been postulated: loss of autoregulation of the 
cerebral vasculature and malposition of the aortic 
cannula outlet toward the innominate artery. Re- 
gardless of cause, the recognition of this event by 
any method should be cause for immediate cessa- 
tion of CPB. 
The psychologic changes that occur with hospital- 
ization and major life-endangering treatments have 
been well documented. We performed a battery of 
neuropsychologic tests before and after the surgical 
experience to determine if total ME counts could be 
related to decrements in testing scores out of pro- 
portion to the expected ecrease in most tests as a 
result of traumatic experience. To determine the 
importance of our finding, we performed a metatype 
analysis on published studies of neuropsychologic 
testing first in patients having CABG and nonsurgi- 
cal case controls (n = 3), second, in patients having 
CABG and noncardiac surgical case controls (n = 
4), and, finally, in patients having CABG and no 
case controls (n = 6). 13-25 We also reviewed seven 
studies of patients having cardiac valve replacement 
without case controls and four studies on patients 
who had noncardiac operations without case con- 
t ro l s .  26-36 Regardless of the type of control or lack 
thereof, the changes in neuropsychologic s ores 
observed in nearly all the cognitive function studies 
were related to age and degree of illness before the 
operation and to the presence or absence of a 
serious noncerebral complication. The most abnor- 
mal scores occurred in those who had a cerebral 
complication. If we adjust for the latter, the bulk of 
the data demonstrated that mild to moderate de- 
pression of some cognitive tests occurred as a con- 
sequence of the illness, the operation (CABG), the 
intensive care unit experience, and perhaps the 
medications used in the immediate (<10 days) 
postoperative interval. The vast majority of patients 
in these published studies with any cognitive deficit 
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at discharge were essentially at their preoperative 
status 6 weeks to 6 months after the operation. 
In patients with stroke or who recover from coma, 
or in those who have prolonged inappropriate be- 
havior after operation, neuropsychologic s ores do 
not generally return to preoperative levels, and 
alteration of mood and personality characteristics of 
mood may accompany the cognitive deficits) 2
Although our data show a statistically significant 
change from the preoperative to postoperative in- 
terval in attention, language comprehension and 
repetition, and judgment, the changes were small 
and not clinically relevant because these were less 
than a whole integer, the smallest difference detect- 
able in this type of testing. 
In summary, the patients with the highest surgi- 
cally generated ME counts had the highest inci- 
dence of clinical CNS dysfunction after operation. 
In contrast, those with the greatest number of ME 
generated by the CPB system appeared to tolerate 
them well, but had greater decrements in cognitive 
function than those with fewer ME counts. Patients 
with low ME counts from either surgical or perfu- 
sion events uniformly did well, with few complica- 
tions and only mild cognitive function changes that 
could be accounted for by the major operative 
experience. 
In our view, transcranial Doppler ultrasonogra- 
phy is a useful technique to monitor the ME load to 
the brain during CABG operations. The data pre- 
sented in this study show that the consequences of
various surgical maneuvers in terms of ME can be 
measured and used for determining alternative 
strategies in certain patient subsets. Further atten- 
tion to the quality of perfusion is merited to explain 
the large variance of ME generated by the same 
CPB system used throughout he study interval. 
Finally, it may be possible to use transcranial Dopp- 
ler data as an indicator for pharmacologic prophy- 
laxis (steroids, barbiturates, adenosine-regulating 
agents) when high ME counts are detected. 
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Discussion 
Dr. Robert B. Wallace (Washington, D.C.). Dr. Clark, 
are you able to define a difference in ME associated with 
perfusion alone and those associated with surgical manip- 
ulation, and have your findings resulted in a change in the 
conduct of the operation? 
Dr. Clark. In response, this technology will measure 
certain particles down to 30 ~m. Unfortunately, a piece of 
plaque has about he same sonic ring to it as an air bubble 
of the same size. Because we were not able to distinguish 
what the event is by a characteristic signal on spectral 
display, we tried to associate it with a perfusion or surgical 
event. 
We have purposely attempted not to give feedback to 
the surgeons, though invariably it happens during an 
operation, as you know, Dr. Wallace. Surgeons want to 
know how they are doing, especially when there is some- 
body present with earphones on. One important thing that 
has resulted from this feedback, however, has been the 
conclusion we made when we looked at cannulation. If a 
fluid-filled aortic cannula was used, about 4½ ME were 
generated on insertion, probably because the air bubble at 
the tip invariably went up into the brain. Use of a 
dry-filled cannula, on the other hand, reduced the number 
to 1 ME per insertion. In that sense, the data that did feed 
back to the surgeons ultimately changed the operation. 
Dr. Richard M. Engelman (Springfield, Mass.). I have 
two questions. I assume that you placed a Doppler device 
over the carotid artery. Can you explain the mechanisms 
and the false positive results? My second question relates 
to the temperature of the CPB perfusate in this setting. 
Do you think that perfusate temperature plays a role in 
the outcome of patients who have ME? 
258 Clark et aL 
The Journal of Thoracic and 
Cardiovascular Surgery 
February 1995 
Dr. Clark. The answer to your first question is that 
before the operation, we locate the middle cerebral artery 
transonically and mark the proper location of the trans- 
ducer on the skin in front of the ear. With the transducer 
in position, we are looking right down the middle cerebral 
artery, not the carotid artery, so that we know that 
whatever is going through the middle cerebral vessel is 
going to the right hemisphere. 
Second, with regard to artifact, we have learned that it 
takes a good deal of experience to record these events. 
Our nurse specialist has been doing this for more than 7 
years now and has been traveling the country to teach 
others how to do this. Not only do you have to make a 
recording, but you also must wear earphones to distin- 
guish the type of change in harmonics. You then mark the 
event on the computer as it happens to be sure that the 
event is not mistaken for an artifact. We can distinguish 
between low-frequency artifact and the high-frequency 
ME that one sees with a bubble or material from the 
aorta. 
With regard to temperature, all of the perfusions were 
carried out in a similar fashion in our very high-volume 
cardiac surgical center. The temperatures went down to 
about 28 ° C, which is not really very cold, and were then 
gradually increased. Previous ME work that I did showed 
that a heat exchanger could liberate bubbles when the hot 
water was first turned into that device and maintained a 
10 ° C difference between water and blood. We did not see 
any increase in the number of ME with rewarming in our 
patients. 
Dr. Robert Frater (Bronx, N.Y.). Did you have trans- 
esophageal echo studies on these patients, and, if so, was 
there any correlation either with the appearance of air or 
the appearance of the aorta? Have you done the same test 
in patients undergoing valvular disease? 
Dr. Clark. We, in fact, are going to be collecting valve 
data. I know that the group at Bowman Gray, as well as 
many groups in Europe, has already done so. 
To answer the last question first, the patients with valve 
operations have a greater number of ME. With regard to 
your question about transesophageal echocardiography, 
we used this to study the effects of triiodothyronine onleft 
ventricular wall motion after CABG. Typically, we see a 
very fine, sparkling, swirling kind of picture in the left 
atrium after completion of all grafting, which must repre- 
sent air. We noticed that the high number of ME counts 
occurred with the lifting of the heart, which suggests that 
lifting the heart allowed the bubbles to rise into the left 
ventricle and on the next beat these were propelled into 
the aorta. I think that the origin of these ME is quite 
different from those found earlier in the operation. We 
did get air into the heart during CABG in our study, which 
is consistent with the data of those who have really looked 
for it. 
Dr. Nicholas T. Kouchoukos (St. Louis, Mo.). The mean 
age of your patients was relatively young by current 
standards, at least for persons undergoing CABG opera- 
tions. Did you observe any correlation between the inci- 
dence of ME and age of the patient? 
Dr. Clark. No. The age range was small, Dr. Kouchou- 
kos. There was a trend of a relationship between age and 
surgical ME. None of these patients, to my knowledge, 
had an eggshell type of ascending aorta, nor were there 
any ascending aortic aneurysms in this series. I think the 
oldest patient was 80 years old. 
Dr. L. Henry Edmunds, Jr. (Philadelphia, Pa.). Dr. 
Clark, did you use a filter in the arterial line, and if so what 
was the pore size? Can the Doppler technique distinguish 
between types of ME? Obviously ou can pick up air and 
atherosclerosis, but what about fat, red cell debris, and so 
on? 
Dr. Clark. In vitro studies how a sensitivity for detec- 
tion in the 50 to 70 /~m range for protein particles and 
down to 30 ~m for highly sonicated particles of plaque or 
air. Unfortunately, there is no correlation of size or signal 
amplitude of type of ME. 
The circuit consisted of a membrane oxygenator, eser- 
voirs, a biopump, and a 40 t~m filter on our arterial ine 
filter that was used throughout the entire perfusion. A 
recirculation filter was used before the lines were con- 
nected. 
Dr. Anthony L. Moulton (Providence, R.I.). What 
method was used for venting the left ventricle, and was 
there any impact of the different methods for that? 
Dr. Clark. There were eight surgeons operating, whose 
venting methods ranged from none, to venting the pulmo- 
nary artery, to occasionally venting the left atrium. It was 
rare to vent the left side of the heart, however. 
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